Abstract: Medium-scale solar hot water systems with a total solar panel area varying from 60 to 166 m 2 have been installed in Lithuania since 2002. However, the performance of these systems varies depending on the type of energy users, equipment and design of the systems, as well as their maintenance. The aim of this paper was to analyse operational SHW systems from the perspective of energy production and economic benefit as well as to outline the differences of their actual performance compared to the numerical simulation results. Three different medium-scale solar thermal systems in Lithuania were selected for the analysis varying in both equipment used (flat type solar collectors, evacuated tube collectors) and type of energy user (swimming pool building, domestic hot water heating, district heating). The results of the analysis showed that in the analysed cases the gap between measured and modelled data of heat energy produced by SHW systems was approx. 11%. From the economical perspective, the system with flat type solar collectors used for domestic hot water production was proved to be most efficient. However, calculation of Internal Rate of Return showed that a grant of 35% is required for this project to be fully profitable.
Introduction
Solar water heating (SHW) is one of the most common solar thermal applications. In 2012 the world added 55.4 GWth (more than 79 million m 2 ) of solar heat capacity [1] . However, the European market contracted again for the newly installed capacity in 2012, which totalled 2.14 GWth (approximately 3.05 million m [2] .
The market growth of solar thermal systems and photovoltaics in Europe depends on the policies of the various governments towards the use of solar energy systems, on the sensitivity of the people concerning the environment and on the improvement of the technology combined with price reduction of solar systems. Considering the renewables targets of the EU in the 20-20-20 programme, solar energy systems can play a significant role in many countries [3] .
The yearly potential of solar energy yield in Lithuania is about 1000 kWh/m 2 and the daily potential of solar energy yield onto horizontal surface varies between 0.55 kWh in January and 5.8 kWh in June. The techno-economic potential of solar heat energy production in the country reaches 1.5 TWh/year (129 ktoe) and almost the whole irradiated solar energy is collected during the warm period of the year (from April till October).
Research performed in Ireland revealed that in northern maritime climates well designed small solar water heating systems (~4 m 2 ) with a glazed flat plate collector would generate between 486 and 497 kWh/m 2 /year of heat [4] . A study performed in Jordan where global solar energy is approximately 1800 kWh/m 2 /year, showed that evacuated tube, blue and black coating-selective copper collectors are recommended for medium and large scale applications due to their long life-span, high efficiency and easy maintenance [5] . Aluminium collectors were recommended for residential SHW applications. The study showed that a payback period of 1.9 years can be achieved in the case when evacuated tube collectors are used for swimming pool heating.
The study in Greece showed that a small solar system consisting of a flat plate collector panel of 4 m 2 and a 200 liter hot water storage tank would provide with life cycle savings equal to 4280 EUR and the pay-back time of such system in Mediterranean climate is 5 years [6] .
On the other hand, life cycle cost analysis showed that seasonal thermal storage systems for solar thermal systems in cold climates do not result in an acceptable payback period, under the default economic conditions. However, with higher rates of inflation and with some financial incentives, the initial costs could be recovered in a shorter period of time [7] .
The study performed in Scharnhauser Park, Ostfildern (Germany) showed that existing collector area can maximally contribute to 0.3% of the total heating energy demand in a district heating network [8] . However with 421 kWh/m 2 per year specific solar gain from a return pipe into a return pipe assisted option is energetically the most effective strategy to integrate the existing solar thermal collectors into the district heating network.
Another study performed in Germany showed that solar thermal systems can be used for industrial processes and the theoretical potential of solar heat for these purposes below 300 °C in Germany accounts for 134 TWh per year in total, the technical potential being 16 TWh per year or 3.4% of the overall industrial heat demand [9] .
District solar thermal energy applications are common in almost all Scandinavian countries. The Norwegian market for solar thermal systems seems to be relatively constant and was relatively small until 2012. In November 2012, the Norwegian power supplier launched its new 13,000 m [10] . The largest solar thermal system in Sweden is integrated with a district heating system located in Kungälv, Göteborg. The system is designed with 10,000 m 2 flat plate collectors for a district heating network "into a return pipe" and delivers about 3500 MWh per year as well as reduces about 1000 t CO2/year. The calculated heat energy price from the solar system is 48.6 EUR/MWh (29.2 EUR/MWh with grant) [11, 12] .
In 2014 the World's largest solar heat plant was inaugurated in Dronninglund, Denmark. The plant consists of 2.982 solar heat panels with total area of 37.573 m 2 . The solar heat is delivered to the users of district heating network in Dronninglund. The surplus heat is fed into to a large water storage of 61,700 m 3 and used during autumn and winter. A heat pump uses the water as its source of heat and its temperature drops down to 10 °C in winter time. Expected energy production of this plant is approximately 17.5 MWh annually or about 465 kWh/m 2 /year [13, 14] . Some studies in Lithuania showed that small solar domestic hot water (DHW) systems with flat plate or evacuated tube collectors can produce from 335 to 523 kWh/m 2 of thermal energy per year and the payback time of these systems is over 8 years without any subsidies. Medium-scale solar systems have a big potential in Lithuania but it is recommended to install these systems for DHW production in buildings with district heating systems. However, the support from government and European Union for solar systems is still necessary [15] [16] [17] .
Several studies show that despite the fact that evacuated tube and flat plate collectors are considered to be suitable for solar heating in Central European climates, the evacuated tube collectors does not reach the additional expected energy yield [18] . Flat plate collectors and evacuated tube collectors produce the same amount of energy from effective area during summer season in Lithuania, but it is much less expensive to use flat collectors in most cases [19, 20] . The relation between installation costs and area of the flat plate solar collectors for each particular case can be estimated by using the relation presented in Figure 1 [21] . Heat output and cost of heat energy from medium and large solar arrays published by Danish governance is presented in the Table 1 [22] . Heat energy from large solar arrays are profitable in Denmark without subsidy versus the ex-tax price of fossil fuel imports, which is not a claim that many renewables can make. There are several medium-scale SHW systems installed in Lithuania, varying from 60 to 166 m 2 of total solar panel area. Most of these systems were installed in the past few years in multifamily or public buildings as well as industrial facilities, but the energy accounting monitoring systems in these buildings were usually not installed. The oldest still operational medium-scale SHW system was installed in 2002 in the "Žibutė" childrens sanatorium which is located at Kačerginė, Lithuania (flat plate collectors-77 m 2 ) [23, 24] . The aim of this paper is to analyse three different operational SHW systems in Lithuania from the perspective of energy production and economic benefit as well as to outline the differences of their actual performance compared to the numerical simulation results. 
Results

Energy Production Data
Global specific irradiation onto an inclined surface (Kaunas), amount of energy produced and monthly efficiency of systems "A", "B" and "C" were analysed in this study. Performance parameters were calculated for a standard year and compared to the measured heat energy production. The results of the analysis are presented in Table 2 . Table 2 . Measured and estimated heat energy production of solar collectors systems. Measured annual efficiency of the analysed SHW systems reached up to 44% (system "B"), 39% (system "A") and 24% (system "C"). The measured values of global irradiation in Kaunas and the amount of energy produced in the systems "A", "B" and "C" per month is presented in Figure 2 .
The gap between measured and modelled data of heat energy produced by SHW systems was approx. 11% in the analysed cases. This can be caused by differences in actual solar irradiation compared to the standard average data. Total global annual irradiation on a horizontal area in 2013 in Kaunas city was 1089 kWh, which was higher than the average value used in the simulation software (984.9 kWh). Therefore, there is approx. 10% difference between the simulated and actual solar irradiation.
However, it can be observed from Table 2 that system "A" and "C" produced less energy compared to the theoretical values obtained by the "T*SOL 5.0 Pro" software, yet system "A" was not in operation during almost all the month of August. On the other hand, the actual heat production can be affected by surface pollution of the solar collectors, technical flaws in the systems' installation as well as other factors which were not considered in the simulation.
Results of the simulation with "T*SOL 5.0 Pro" software showed that the analysed medium-scale solar systems in Lithuania should reduce GHG emissions by 142 kg CO2/m 2 absorber/year. As it can be observed from Figure 2 , the solar thermal energy output from the system "C" is equal to zero during January, February and March. It was related to the fact that the heat is not supplied into the district heating network in cases when water temperature in the solar system is lower compared to the water temperature in the return pipe of the district heating network. On the other hand, heat energy was produced all year round by systems "A" and "B". 
Financial Analysis of the Projects
Financial analysis was performed for the systems "A" and "B". Due to the fact that the system "C" was upgraded several times, there's a lack of data on investments for this system. Therefore, this system is included in the solar energy production analysis, but it was excluded from the financial analysis. Investments and maintenance costs (€/m 2 ) are presented in Table 3 
where: ra-lower discount rate chosen (approximated), %; rb-higher discount rate chosen (approximated), %; NPVa-NPV at ra value [€]; NPVb-NPV at rb value [€].
It is mandatory to consider all financial parameters of an investment to outline the actual financial benefits of utilizing solar energy compared to conventional source of energy. In this study the assumption was made that the entire cost of the SHW system is covered during the installation. The life-span of the SHW system is considered to be 20 years. Parameters used for financial assessment of the system "A" and system "B" are presented in Table 3 . Table 3 . Parameters used for financial assessment of SHW systems "A" and "B". In the case when all expenses through the 20 years are calculated, the performance of system "B" is higher compared to the system "A". The cost of solar heat energy utilized by the system "B" is approximately 84 €/MWh, which is much lower compared to the system "A" (127 €/MWh).
To determine the financial profitability of both systems, economic indicators NPV and IRR were calculated and the results are presented in Table 4 . Financial estimations presented in the Table 4 were performed by using the average comparative price of electricity ( Figure 3 ) and average district heat energy price for Lithuania as an alternative to the SHW systems "A" and "B".
The financial analysis showed that heat energy generated by medium-scale scale solar thermal systems is not competitive in comparison with energy produced by the Lithuanian DH network. The IRR calculation results showed a negative value for the system "A" and zero value for the system "B". Both projects can be defined as profitable in the other scenario, where electrical energy was used as an alternative to the energy produced by SHW systems. 
Grant Requirement for Solar Thermal Systems Profitability
The review of today's World solar thermal market and performing solar thermal systems shows that most projects were implemented with governmental grants (Ranking List of European Large Scale Solar Heating Plants). Installation of almost all renewable energy generators have been supported by subsidy schemes which led to reduced investments, lower taxes etc. The Environmental Investment Fund (LEIF) subsidy program is responsible for supporting low GHG emission projects and the scale of the support for this type of investment projects is determined by the reduction of CO2 emissions.
Estimation of grant requirement for middle size SHW systems profitability in Lithuania was analysed in this study. Average DH heat energy price for Lithuania was used for the calculation of potential savings and the results of the analysis are presented in Figure 4 .
IRR calculations revealed system "B" to be more economically effective than system "A". 
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Methodology
In this work three different medium-scale solar thermal systems in Lithuania were evaluated. All of these systems are in operation from 2011 and are equipped with heat meters and monitoring systems.  System "C" is installed as a part of the district heating system in Dūkštas (54°50'0" N/24°58'0" E) and was initially used for hot water heating. The system was rebuilt in 2012 and is currently used for preheating the return water in the district heating network. The system consists of 36 "U-pipe" evacuated tube collectors (82 m 2 ) with 45° inclination angle to horizon, orientated directly to the South. Primary investments were 100.8 thousand €, however, the system was upgraded few times due to improper operation and the total investment is unknown.
Systems "A" and "B" represents the typical solar thermal installations in Lithuania. System "C" is quite unique and it is the only installation used for district heating in the country. The summary of technical and economical characteristics of the above described systems are presented in Table 5 . All of the analysed systems have individual operational features that impact their produced energy amounts. System "B" has performed continuously from the start of the exploitation. System "A" was stopped for three weeks in August of 2013 during pool renovation work. The performance of system "C" was interrupted for a few days due to system upgrades.
The measured performance of the existing systems "A", "B" and "C" was compared to the theoretical values obtained by means of the "T*SOL Pro 5.0"(release 6) simulation software(Valentin Software
